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abstract 


The  dimensions  of  a multiple-beam  antenna  designed  to  optimize  some 
desirable  characteristics  of  a synchronous  communication  satellite  antenna 
are  derived.  The  multiple-beam  antenna  is  an  X-band  waveguide  lens  with  a 
cluster  of  feeds  in  its  focal  plane.  Two  antenna  systems  are  considered: 

1)  an  antenna  system  radiating  pencil  beams  for  area  coverage,  end  2)  an 
antenna  system  radiating  an  earth-coverage  beam  with  nulls  in  prescribed 
directions.  The  characteristics  of  the  optimum  configurations  are  studied 
over  » band  of  frequency  and  for  practical  values  of  feed  excitation  errors. 
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A previous  note  [2]  presented  some  characteristics  of  a communication  sat- 
ellite multiple-beam  antenna  (MBA),  In  this  report,  the  configuration  of  such 
an  antenna,  consisting  of  a waveguide  lens  with  a cluster  of  feeds  in  its  focal 
plane,  is  optimized  using  computer  modeling  techniques  [2]  for  two  separate 
antenna  systems.  In  the  first  system  the  antenna  is  required  to  radiate  pen-  \ 

cil  beams  to  illuminate  specified  areas  of  the' earth’s  surface.  In  the  second 
system  the  antenna  is  required  to  radiate  an  earth-coverage  beam  with  nulls  in 
prescribed  directions.  The  derivation  of  the  directive  gain  of  a waveguide 
lens  MBA  and  the  associated  computer  program  are  presented  in  the  Appendix. 

PART  I AREA  COVERAGE  MBA 

1.  Introduction 

The  MBA  is  studied  with  the  aim  of  optimizing  the  gain  in  any  direction 
within  a Fleld-of-View  (FOV)  by  exciting  the  feed  or  the  group  of  feeds  that 
maximizes  the  power  radiated  in  that  direction.  The  minimum  directive  gain, 

Gm’  that  can  be  achieved  under  this  condition  is  the  parameter  of  interest 
and  is  derived  for  several  feed  cluster  configurations,  The  study  is  carried 
out  for  a waveguide  lens  antenna  with  a flat  feed  cluster  in  its  focal  plane. 

[1].  The  field  of  view  considered  is  an  18-degrec  cone  which  is  about  0.6° 
larger  than  the  angle  subtended  by  the  earth  at  synchronous  altitude.  The 
feed  clusters  studied  include  a triangular  lattice  arrangement  of  either  19, 

31  or  37  feeds  and  a square  lattice  arrangement  of  32  feeds.  The  circularly 
polarized  feeds  have  a circular  aperture  of  diameter  equal  to  the  spacing  be- 
tween feeds  and  are  of  two  types  (1)  LES-7  type  [1]  and  (2)  unit-feed  type. 

(These  terms  will  be  defined  later.)  The  optimization  is  carried  out  at  a 
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frequency  of  7.5  GHz  and  the  performance  is  calculated  at  this  frequency  and 
also  at  7.25  and  7.75  GHz. 

II*  . Optimization  of  Area  Coverage  MBA 

Since  the  feed  cluster  la  a periodic  structure  it  is  only  necessary  to 
calculate  the  minimum  gain  in  two  specific  directions.  Consider,  for  example, 
the  triangular  arrangement  of  19  feeds  shown  in  Fig.  1.  Because  the  antenna 
directivity  is  smaller  for  feeds  on  the  edge  of  the  cluster,  the  basic  cell 
of  coverage  considered  contains  the  beams  generated  by  exciting  either  feeds 
21,  31  or  32  individually,  as  well  as  the  beams  generated  by  exciting  any 
combination  of  these,  feeds  with  signals  of  equal  amplitudes  and  in  phase. 

The  minimum  directive  gain  within  the  FOV  occurs  in  the  direction  where  the 
three  following  beams  have  equal  directive  gains:  (1)  the  beam  resulting 

from  excitation  of  feed  31,  (2)  the  beam  resulting  from  the  simultaneous  exci- 
tation of  feeds  31  and  32, (3)  the  beam  resulting  from  the  simultaneous  exci- 
tation of  feeds  21,  31  and  32.  This  direction  was  found  by  trial  and  error 
calculations,  and  the  corresponding  minimum  directive  gain  is  plotted  in  Fig.  2 
(dashed  curve)  as  a function  of  feed  spacing  for  a given  lens  diameter.  On 
the  Periphery  of  the  FOV  a different  situation  exists  and  the  directive  gain 
is  optimized  by  either  exciting  feed  21  alone  or  feeds  21  and  31  together. 

The  peripheral  direction  where  the  two  resulting  beams  have  equal  directive 
gains  was  again  found  and  the  corresponding  directive  gain  is  plotted  bb  the 
solid  curve  in  Fig.  2.  For  a given  lens  diameter  and  feed  spacing  the  minimum 
directive  gain,  G^,  over  the  entire  FOV  is  the  lesser  of  the  two  values  read 
from  either  the  solid  or  the  dashed  curves  in  Fig.  2.  The  intersection  of  the 

2 


'it.  it 


Fig.  1.  Feed  arrangement 
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two  curves  determines  the  maximum  value  of  Gm>  and  the  corresponding  optimum 
separation  between  feeds.  The  values  of  G for  other  lenB  diameters,  and  feed 
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spacingfa  are  given  by  the  bottom  curve  in  Fig.  3.  Note  that  Gm  is  not  strongly 
dependent  on  lens  diameter  between  24  Inches  and  34  inches , for  which  Gffl  remains 
within  0.3  dB  of  its  peak  value. 

The  above  result  is  achieved  with  in-phase  excitation  of  feed  combina- 
tions. However,  since  the  feeds  are  coplanar,  the  phase  of  the  far  field 
arising  from  excitation  of  an  offset  feed  is  delayed  with  respect  to  that  of 
the  center  feed  by  an  amount  increasing  with  feed  offset  angle.  The  direc- 
tivities of  beams  resulting  from  multiple  feed  excitations  are  somewhat  reduced 
by  this  effect.  The  phase  delays  could  be  removed  by  locating  the  feeds  on 
a spherical  cap  whose  geometric  center  is  at  the  vertex  of  the  lens  inner 
surface  or  by  exciting  each  feed  with  a signal  whose  phase  is  advanced  by  an 
amount  equal  to  its  relative  delay  (phase  correction).  This  latter  method  was 
studied  with  the  result  depicted  by  the  dashed  curve  of  Fig,  3 indicating  that 
phase  correction  leads  to  an  increase  of  about  0.3  dB  for  G^. 

The  minimum  directivity  curves  of  Fig.  3 apply  to  a cluster  of  19  circu- 
lar horns  excited  with  a TE^  mode  (LF.S-7  type  feeds) . The  aperture  efficiency 
ol  this  feed  i«  ai'out  83.il  and  the  area  of  its  aperture  1h  91%  of  the  maximum 
available  area  per  feed,  called  a "unit  cell"  area.  A unit  feed  is  defined  as 
a feed  whose  uniformly  illuminated  aperture  is  that  of  the  unit  cell.  The 
gain  of  a unit  feed  is  thus  1.2  dB  larger  than  the  gain  of  a LES-7  type  feed. 

It  is  believed  that  practical  feeds  may  be  realized  whose  gain  (within  the 
feed  cluster  environment)  is  equal  to  but  not  greater  than  that  of  the  unit 
feed.  One  possible  technique  of  achieving  this, for  example,  is  by  the  addi- 
tion of  a polyrod  in  the  aperture  of  a horn.  Another  technique  is  to  divide 
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FEED  SPACING  ( In.) 

Fig.  3.  Directive  gain  vs  feed  spacing  for  different  lens  diameters. 
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the  feed  horn  aperture  into  several  smaller  apertures  of  dimension  less  than 
a free-spacc  wavelength  by  means  of  metal  septa.  This  latter  technique  has 
proved  practical  with  square  aperture  horns.  The  minimum  directive  gain  of  a 
waveguide  lens  MBA,  embodying  a cluster  of  19  triangularly  spaced  unit  feeds, 
was  calculated  for  the  case  where  the  feeds  are  excited  with  phase-corrected 
signals.  The  results  are  shown  in  Fig.  3 (top  curve).  The  radiation  pattern 
of  the  unit  feed,  intrinsic  in  the  calculation,  is  the  function  2J,,(u)/u  with 
u ■ (2iTaA)sin6  where  0 is  the  angle  from  the  axis  of  the  unit  feed  and  a is 
the  radius  of  a circular  aperture  of  area  equal  to  that  of  the  unit  feed. 
Figure  3 shows  that  the  peak  value  of  28.9  dB  for  Gm  is  obtained  with  a lens 
diameter  of  about  28  inches  and  a feed  spacing  of  about  2.31  inches.  The 
radiation  patterns  for  this  optimum  configuration,  when  each  feed  of  the  cen- 
ter row  is  excited  individually,  are  presented  in  Fig.  4.  The  peak  directiv- 
ity of  31.9  dB  corresponds  to  an  aperture  efficiency  of  50%:  The  half-power 
beamwldth  of  each  beam  is  3.6s,  the  crossover  level  is  about  3 dB  below  the 
peak  directivity  and  the  edge  beam  is  seen  to  point  very  near  the  boundary  of 
the  FOV.  The  beams  formed  by  exciting  two  or  three  adjacent  feeds  together 
are  typified  by  the  contour  plots  of  Fig.  5 where  3 beams  are  shown:  (1)  the 

beam  resulting  from  excitation  of  feed  31  has  a circular  cross  section  with 
directivity  of  31.3  dB,  (2)  the  beam  resulting  from  excitation  of  feedt  31  and 
32  has  an  elliptic  cross  section  with  directivity  of  29.6  dB,  (3)  the  Learn 
resulting  from  excitation  of  feeds  31,  32  and  21  has  a "triangular"  cross  sec- 
tion with  directivity  of  29.4  dB.  The  directive  gain  in  dB  is  shown  on  each 
contour;  levels  below  27  dB  are  not  shown  for  clarity.  It  is  observed  that 
the  directive  gain  of  each  of  the  three  beams  is  equal  to  the  minimum  value  of 
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19-BEAM  WAVEGUIDE  LENS  ANTENNA 

CIRCULAR  POLARIZATION 

UNIT  FEEDS 

PHASE  CORRECTED 

PEAK  GAIN  = 31 .89  dU 


LENS  DIAM  « 28  In. 

DESIGN  FREQUENCY  - 7.5  GHz 
FEED  SPACING  * 2.31  In, 
FREQUENCY  * 7.5  GHz 

F/D  « I 

PLANE  OF  PATTERN  CUT  - 90  c 


of  about  28.9  dB  (G  ) in  the  direction  AZ  * B#,  EL  ■ -0.75°. 
m 

In  addition  to  the  cluster  of  19  feeds,  clusters  of  31  feeds  and  of  37 
feeds  were  also  studied.  The  31-feed  cluster  is  the  37-feed  cluster  with  the 
six  outermost  feeds  removed  as  shown  in  Fig.  6a.  Also  studied  was  a 32-feed 
cluster  on  a square  lattice  as  shown  in  Fig.  6b.  In  this  latter  case  either 
one,  two  or  four  adjacent  feeds  are  excited  to  provide  the  coverage.  The 
comparative  performance  of  the  different  feed  clusters  is  presented  in  Fig.  7 
as  a function  of  lens  diameter.  The  corresponding  optimum  feed  spacing  is 
plotted  In  Fig.  8. 

III.  Beam  Steering 

The  minimum  directive  gain  previously  derived  implies  that  a finite  num- 
ber of  beams  pointing  in  discrete  directions  within  the  FOV  are  generated.  A 
number  of  these  beams  are  produced  by  exciting  two  or  three  adjacent  feeds  in 
which  case,  equal  signals  are  fed  to  each  feed.  However,  the  beam-forming 
network  postulated  [2]  allows  any  power  division  among  the  feeds,  making  possi- 
ble continuous  beam  steering  between  the  beam  directions  of  the  singly  excited 
feeds.  With  beam  steering,  the  minimum  directive  gain  of  the  MBA  is 
increased  as  compared  to  the  simpler  case  described  in  Section  II,  The  char- 
acteristics of  the  beam  formed  by  fractional  excitation  of  two  adjacent  feeds 
are  typified  by  Fig,  9 which  shows  the  directive  gain  and  pointing  direction 
of  such  a beam  as  a function  of  the  fractional  power  delivered  to  feeds  32  and 
33.  An  example  of  a case  where  three  adjacent  feeds  are  excited  fractionally 
is  given  in  Fig.  10  which  shows  a beam  pointing  close  to  the  previously  de- 


10 


MINIMUM  DIRECTIVE  GAIN  G„  CdB) 


32 


SI 


30 


29 


21 


LENS  DIAMETER  (In.) 

Fig.  7.  Optimum  performance  curves  of  area-coverage  MBA. 
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Fig.  9.  Directivity  and  beam  direction  of  steei;*d  beam. 
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rived  minimum-directive-gain  direction  (i.e.,  A Z ■ -8*.  EL  ■ -0.75*),  a result 
obtained  by  exciting  feeds  21,  31  and  32  with  power  ratios  equal  to  0.25, 

0.50  and  0.25,  respectively.  The  antenna  configuration  in  each  of  the  above 
two  cases  Is  the  optimum  19-feed  waveguide  lens  MBA.  Clearly,  beam  steering 
can  only  raise  the  minimum  directive  gain  to  the  directivity  of  the  beam  formed 
when  three  adjacent  feeds  are  fad  equally  and  in  phase,  and  for  the  present 
case  this  value  is  29.4  dB. 

IV.  Frequency  Behavior 

The  waveguide  lens  MBA  was  optimized  for  a frequency  of  7.5  GHz.  The 
effect  of  frequency  on  the  performance  of  the  19-feed  optimum  configuration  is 
shown  in  Fig.  11  over  the  range  7.25  GHz  to  7.75  GHz.  It  is  observed  that  at 
7.25  GHz  the  minimum  directive  gain  drops  about  0.7  dB.  This  drop  is  due 
mostly  to  dispersion  by  ths  waveguide  lens  as  evidenced  by  the  dashed  curves 
which  show  the  calculated  performance  when  the  lens  dispersion  factor  is 
removed.  (The  dispersion  factor  was  removed  by  calculating  a new  perfect  lens 
at  each  frequency.) 

V.  Effect  of  F/D  Ratio 

The  directivity  of  the  center  beam  (feed  33  excited)  of  the  19-faed  opti- 
mum MBA  is  plotted  in.  Fig.  12  as  a function  of  the  F/D  ratio.  Two  waveguide 
lenses  were  considered  (1)  a waveguide  lens  with  a spherical  inner  surface  of 
radius  equal  to  the  focal  length  and  (2)  a waveguide  lens  with  inner  surface 
of  radius  equal  to  the  lens  diameter.  The  sharp  drops  of  about  0.5  dB  occur 
for  values  of  F/D  at  which  zoning  takas  placs.  The  performance  of  the  wave- 
guide lena  as  a function  of  F/D  reflects  principally  the  effects  of  two 
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Fig.  11.  Directive  gain  ae  a function  of  frequency. 
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assumptions  Inherent  to  the  calculations.  The  first  one  is  the  absorbing 
pattern  of  the  waveguide  elements  of  the  lens  which  is  assumed  to  be  a cos6 
pattern  pointing  toward  the  geometric  center  of  the  inner  aurface  of  the  lens 
and  the  second  one  is  the  assumed  radiation  pattern  of  waveguide  elements 
adjacent  to  steps  in  the  lens.  The  validity  of  these  assumptions  is  substan- 
tiated in  part  by  the  good  agreement  between  the  measured  and  calculated  direc- 
tive gains  of  the  LES-7  MBA  which  has  an  F/D  ratio  equal  to  unity.  However, 
as  this  ratio  decreases,  the  validity  of  the  first  assumption  becomes  increas- 
ingly dubious,  yielding  lesser  confidence  in  the  corresponding  results. 

VI.  Tolerances  on  Power  Divider 

Multiple-beam  antennas  with  triangularly  spaced  feed  cluBters~require 

excitation  of  up  to  three  feeds  with  in-phase  signals  of  equal  power  levels. 

Deviations  from  the  in-phase  condition  cause  a decrease  of  the  directivity  of 

the  resulting  beam  with  a corresponding  decrease  of  G^.  A phase  error  of 

+20®  between  input  signals  yields  a reduction  of  0.12  dB  of  the  minimum 

directive  gain.  Non-uniform  excitation  of  the  feeds  causes  a squint  of  the 

beam  and  a reduction  of  G . For  a deviation  of  +1  dB  the  calculated  reduction 

m — 

of  G la  0.15  dB.  Thus  the  effect  of  even  appreciable  deviations  from  uniform 

ffl 

phase  and  amplitude  excitation  is  negligible. 
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PART  II  EARTH  COVERAGE  WITH  PRESCRIBED  HULLS  MBA 
I*  Introduction 

The  characteristics  of  * multiple-beam  antenna  designed  to  radiate  an  earth- 
coverage  beam  with  nulla  in  prescribed  direction*  are  investigated  in  this  Part, 
the  MBA  considered  consists  of  a waveguide  lens  with  a cluster  of  19  feeds  in 
its  focal  plane.  The  MBA  dimensions  ars  chosen  to  optimise  the  minimum  value 
of  directive  gain  over  a cons  angle  of  18*  and  also  to  maximize  the  depth  of 
the  null  (an  appreciable  reduction  of  gain  in  a prescribed  direction  is  termed 
a null)  produced  when  one  feed  of  the  feed  cluster  is  not  excited^  Optimiza- 
tion is  carried  out  at  the  center  frequency  of  a 7.9  to  8.4  GHz  frequency 
band.  The  predicted  performance  of  the  optimum  configuration  at  the  center 
frequency  and  at  the  extreme  frequencies  of  this  band  is  presented  as  well  as 
the  calculated  performance  degradation  caused  by  errors  in  the  feed  excitation 
coefficients.  The  19-feed  MBA  nulling  antenna  allows  one  to  reduce  the  gain  by 
at  least  15  dB  in  any  direction  over  ths  FOV  by  suppressing  excitation  to 
either  a single  feed  or  to  a group  of  two  or  three  adjacent  feed*.  The  dis- 
advantage of  this  nulling  technique  is  that  by  suppressing  excitation  to  a 
group  of  adjacent  feeds  the  gain  reduction  occurs  over  an  undesirably  large 
area.  However,  by  means  of  a null  steering  technique  it  is  possible  to  direct 
a null,  of  coverage  about  equal  to  that  obtained  by  suppressing  excitation  to 
a single  feed,  toward  any  directions  ovsr  the  FOV.  To  implement  the  null 
steering  technique,  however,  a tight  control  of  phase  is  required.  The  dis- 
advantages of  the  former  two  techniques  ars  eliminated  by  increasing  the 
quantity  of  feeds  in  the  cluster.  The  performance  of  a 61-feed  cluster  is 
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presented  and  ahown  to  of far  distinct  advantagaa.  The  disadvantage  of  this 
latter  configuration  is,  of  course,  the  much  larger  feed  network  required. 

II.  Optimisation  of  Nulling  MBA 

The  waveguide  Ians  and  feed  cluster  optimised  is  the  LES-7  configuration 
with  the  exception  that  a cluster  of  unit  feeds  la  considered.  Optimisation 
la  carried  out  as  follows:  For  a given  lena  diameter  and  with  the  feed  spac- 

ing as  a variable  parameter  the  directive  gain  is  calculated  for  an  appropriate 
number  of  directions  within  an  element  of  symmetry  of  the  FOV.  The  feeds 
are  all  excited  equally  (except  as  described  next)  and  their  phase  is  adjusted 
to  produce  spherical  wavefront  secondary  radiation  (phase  corrected) . For 
small  valuea  of  feed  apaclng,  the  lowest  directive  gain  is  found  to  occur 
within  the  FOV  at  the  bottom  of  the  ripple  superimposed  on  a nearly  flat  pat- 
tern. The  feed  spacing  which  optimizes  the  minimum  value  of  the  Earth- 
Coverage  directive  Gain  (ECGMIN)  is  that  value  sn  which  makes  the  minimum 
gain  within  the  FOV,  and  that  alone  the  boundary,  equal.  This  optimum  value 
was  calculated  flrat  with  all  feeds  excited  equally.  By  exciting  the  feeds 
such  as  to  produce  a more  uniform  directive  gain  around  the  periphery  of  the 
FOV  a larger  value  of  ECGj^  can  be  reached.  The  boundary  of  the  feed  clus- 
ter la  a haxagon  and  therefore  with  the  feedB  equally  excited  the  radiation 
pattern  is  broader  In  planea  passing  through  the  corner  of  this  hexagon  than 
in  bisecting  planes.  Tharafora,  exciting  the  corner  feeds  with  less  power 
than  intermediate  feeds  along  the  periphery,  will  make  the  directive  gain  more 
uniform  along  the  boundary  of  tha  FOV  and  will  laad  to  a slightly  larger 
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Thus  the  above  optimization  procedure  was  also  carried  out  for  differ- 
ent values  of  the  power  excitation  ratio  r,  i.e.,  the  ratio  between  the  power 
fed  to  comer  feeds  and  that  fed  to  intermediate  feeds,  and  the  value  r which 
maximizes  ECGM1N  was  determined.  This  procedure  repeated  for  an  appropriate 
range  of  lens  diameter  yielded  the  results  represented  by  the  solid  curve  of 
Fig.  13.  The  minimum  directive  gain  over  the  FOV  peaks  at  about  19.3  dB  and 
is  at  least  19  dB  for  lens  diameter  of  22  to  32  Inches.  The  dip  in  the  curve 
at  a diameter  of  about  26  inches  is  believed  to  be  caused  by  an  additional 
zoning  step,  since  lenses  with  diameter  larger  than  26  Inches  contain  one  zone 


more  than  the  smaller  diameter  lenses. 


The  next  step  in  optimizing  the  nulling  MBA  is  to  determine  the  depth  of 
the  null  produced  by  suppressing  excitation  to  one  feed  of  the  optimum  config- 
uration. The  dashed  curve  of  Fig.  13  shows  the  results  obtained  when  feed  32 
is  not  excited.  The  largest  null  depth  is  reached  with  a lens  diameter  of 
28  inches  for  which  the  null  level  is  -17  dBi,  i.e.,  about  36  dB  below  the 
minimum  directive  gain.  The  optimum  values  of  the  feed  spacing  and  of  the  power 
excitation  ratio  are  plotted  in  Fig.  14  as  a function  of  the  lens  diameter. 

The  contour  plot  of  the  earth-coverage  beam  obtained  with  the  optimum  con- 
figuration, l.e.,  a lens  diameter  of  28  Inches,  a feed  spacing  (sq)  of  2.35  inch 
and  a power  excitation  ratio  (rQ)  of -0.83  dB  is  given  in  Fig.  15.  The  peak  direc- 
tive gain  is  20.8  dB  and  the  minimum  directive  gain  over  the  FOV  is  19.3  dB. 
Figure  16  shows  the  coverage  obtained  with  excitation  of  feed  32  suppressed  and 
Fig.  17  shows  a typical  case  of  null  steering  obtained  by  setting  the  phase  of 
the  signals  to  feeds  32  and  33,  -90“  and  +90®,  respectively,  as  compared  to 
the  phase  of  the  signals  to  all  other  feeds.  Inspection  of  the  narrow  beams 
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Fig.  13.  Optimum  performance  of  earth-coverage  MBA. 
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Fig.  15.  Contour  plot  of  optimally  designed  earth-coverage  MBA. 
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generated  whan  aach  fead  of  the  optimum  configuration  ia  excited  alona  (tee 
Fig.  3 which  appllaa  to  a aimilar  configuration  except  for  the  feed  apacing 
\fhich  ia  equal  to  2.31  in.)  shows  that,  as  anticipated,  the  beams  ara  nearly 
orthogonal,  i.a,,  in  the  direction  of  the  peak  of  any  beam  the  amplitude  of 
the  radiation  from  the  other  beams  is  cloee  to  a minimum.  Thus  deep  nulls  in 
an  earth-coverage  beam  are  associated  with  low-minima  narrow  beam  patterns . 

The  characteristics  of  a 26-ineh  waveguide  lens  with  a 19-feed  cluster 
were  reported  by  Rlcardi,  et  §U[2)  This  configuration  though  not  optimised  to 

produce  the  deepest  null  was  verified  to  lead  to  15-dB  gain  reduction  contours 
nearly  identical  to  those  of  the  optimum  configuration. 

IIT.  Frequency  Behavior 

The  effect  of  frequency  on  the  earth-coverage  beam  is  slight  as  illustrated 
in  Fig.  18  by  the  patterns  computed  at  the  center  and  extreme  frequencies  of  a 
500-MHs  bandwidth.  The  effect  of  frequency  on  the  depth  of  null  ie  severe, 
however,  as  shown  in  Fig.  19  by  the  patterns  passing  through  the  minimum  of 
the  null  at  five  frequencies  over  the  same  bandwidth.  This  behavior  was  not 
unexpected  since  the  waveguide  lane  is  dispersive  end  the  primary  effect  of 
dispersion  ie  to  raise  the  level  of  the  minima  in  the  patterns  associated 
with  single-feed  excitation  and  hence  reduce  the  null  depth  achievable.  That 
the  lens  dispersion  is  the  primary  cause  of  the  observed  drastic  reduction  of 
null  depth  ie  dsmonotrated  by  the  results  obtained  when  the  waveguide  lens 
is  replaced  by  a non-dispersive  lens  (Fig.  20).  In  this  case  the 
null  depth  ie  seen  to  remain  greater  than  30  dB  and  the  null  width  et  a depth 
of  15  dB  ie  constant  over  the  bend. 
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Fig.  18.  Effect  of  frequency  on  eerth-coverage  beam 


IV.  Effect  of  Errors  on  Feed  Excitation  Coefficients 


The  effect  on  performance  of  errors  on  the  amplitude  and  phase  of  the  sig- 
nals applied  to  the  feeds  was  determined  by  computing  the  radiation  character- 
istics of  the  optimum  configuration  when  errors  are  added 
to  the  required  signals.  Normal  distributions  of  errors  with  a 3a  power 
deviation  equal  to  0.5  dB  and  a 3a  phase  deviation  equal  to  15*  were  chosen. 
Calculations  were  performed  for  ten  distributions  of  errors  and  the  statistics 
of  the  results  compiled.  Calculations  were  also  made  for  deviations  twice  as 
large  as  above  and  the  results  are  given  in  Fig.  21  together  with  the  error- 
free  case.  The  feed  network  reported  by  Ricardi,  etal_,  [2]  displays  peak  errors 
of  about  ±0.5  dB  in  power  and  ±10°  in  phase  and  therefore  approximates  the 
computer  model  with  the  smaller  random  deviations.  Such  deviations  do  not 
lead  to  appreciable  performance  degradations.  In  the  null  steering  mode  a 
different  situation  exists,  however.  In  this  mode  two  adjacent  feeds  are 
excited  with  signals  whose  phases  are  +90°  and  -90°,  respectively,  as  compared 
to  the  phase  of  the  signals  applied  to  the  other  feeds,  and  the  null  is  steered 
by  varying  the  ratio  of  power  fed  to  the  two  out-of-phase  feeds.  The  effect 
of  phase  errors  on  the  quadrature-fed  elements  is  appreciable  as  may  be 
inferred  from  Fig,  22  where  the  15-dB  contour  of  the  steered  null  corresponding 
to  a power  ratio  of  1 (reproduced  from  Fig.  17)  is  shown  together  with  those  obtained 
when  signals  of  phase  93°  and  -93*  and  also  96*  and  -96°,  are  applied. 

A phase  error  of  3*  causes  the  15-dB  gain  reduction  coverage  to  contract  and  a phase 
error  of  6*  causes  a splitting  of  this  coverage.  Thus  to  maintain  the  cover- 
age the  phase  error  at  the  feed  must  not  exceed  a couple  of  degrees.  Since 
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both  the  beam-forming  network  end  the  required  3-state  phase  shifter  contribute 
to  phase  errors, a tight  tolerance  of  the  order  of  about  ±1*  is  imposed  on  each 
of  these  units,  which  may  be  difficult  to  achieve  in  practice.  In  the  alter- 
native nulling  technique  described  next,  such  tight  tolerances  ere  not  required. 

This  technique  Involves  replacement  of  the  feed  cluster  by  a cluster  with  a 
higher  density  of  elements  and  therefore  has  the  disadvantage  of  requiring 
a larger  number  of  variable  power  dividers  in  the  beam-forming  network. 

V.  Alternative  Nulling  Technique 

Consider  the  replacement  of  each  feed  of  the  optimally  designed  19-feed 
cluster  by  three  smaller  feeds.  It  would  then  be  expected  that  suppressing  exci- 
tation to  groups  of  three  adjacent  feedB  would  produce  a null  about  similar  to 
that  obtained  by  suppressing  excitation  to  the  larger  single  feed  they  re- 
placed. That  this  is  actually  the  case  was  verified  by  computing  the  perfor- 
mance of  a 28-inch  lens  with  a cluster  of  61  feeds.  Optimization  of  this  con- 
figuration led  to  a feed  spacing  of  1.3  Inches,  i.e.,  nu  1//T  times  the  spacing 
of  the  optimum  19-feed  configuration.  The  61-feed  cluster  is  shown  in  Fig.  23. 

Since  a null  la  produced  by  suppressing  excitation  to  groups  of  thrse  adjacent 
feeds  and  aince  such  groups  overlap,  their  null  coverages  also  overlap.  Fig- 
ure 24  shows  the  15-dB  gain  reduction  contours  obtained  by  suppressing  excita- 

i 

tlon  to  each  group  of  three  adjacent  feeds  contained  in  a 7-faad  aub-clustar, 
demonstrating  that  in  all  directions  within  a corresponding  cell  of  coverage  a 
gain  reduction  of  at  least  15  dB  ie  achieved.  Sines  the  full  FOV  is  generated 
by  translations  of  this  cell  of  coverage  and  since  these  cells  may  be  made  to 
overlap  it  follows  that  this  gain  reduction  applies  to  the  full  FOV. 
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Fig.  24,  Coverage  of  overlapping  nulls. 
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This  technique,  which  could  appropriately  be  called  virtual  overlapping 
feed  technique,  is  capable  of  static  gain  reductions  larger  than  15  dB  with  a 
simple  extension  of  the  process.  This  capability  exlstB  because  the  phase  of 
the  radiation  is  nearly  uniform  over  most  of  the  angular  extent  of  a null  and 
this  phase  is  also  nearly  equal  to  the  phase  of  the  radiation  over  the  narrow 
beam  associated  with  the  feeds  whose  excitations  are  suppressed.  Consequently, 
by  letting  a small  amount  of  power  leak  to  these  feeds  and  reversing  the  pol- 
arity of  the  radiated  field  the  resulting  level  of  radiation  in  directions 
within  the  null  may  be  appreciably  reduced.  The  15-dB  gain  reduction  contour 
corresponding  to  removal  of  excitation  to  feeds  43,  54  and  55  (included  in  the 
presentation  of  Fig.  24)  is  shown  enlarged  as  the  heavy  line  in  Fig.  25,  while 
the  coverage  of  25  dB  or  more  reduction  is  shown  by  the  dotted  area  in  this 
Figure.  Also  shown  are  the  annular  areas  where  the  gain  is  reduced  by  more 
than  25  dB  when  these  three  feeds  are  excited  180*  out  of  phaBe  with  all  other 
feeds  and  at  a relative  power  level  PT  ■ -16.5  dB  and  -12.0  dB.  Note  that  the 
gain  is  reduced  more  than  25  dB  over  the  areas  shown  only  when  the  excitation 
is  as  indicated;  specifically  the  gain  reduction  in  the  dotted  area  is  less  than 
.25  dB  when  P7  - -16.5  or  -12.0  dB.  Thus  with  only  three  settings  of  the 
power  level  to  these  feeds  the  gain  can  be  reduced  by  more  than  25  dB  over  a 
coverage  Identical  to  the  15-dB  or  more  gain  reduction  coverage  obtained  by 
simply  removing  excitation  to  these  feeds.  Since  this  latter  gain  reduction 
can  be  accomplished  anywhere  within  the  FOV,  so  can  the  25-dB  gain  reduction. 

The  required  values  of  power  setting  are  not  identical  for  all  7-feed  sub- 
clusters however,  and  it  should  be  observed  that  with  polarity  reversal  deep 
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nulling  can  also  ba  accompliihsd  by  adjusting  tha  power  laval  to  but  one  feed. 
The  desirable  characteristics  of  the  virtual  feed  overlapping  technique  remain 
to  ba  confirmed  over  a finite  bandwidth  and  for  feed  excitation  errors  of  prac- 
tical magnitudes.  Since  only  a reversal  of  polarity  is  required , a close  con-' 
trol  of  phase  is  not  necessary  and  there  seems  to  be  no  reason  why  the  perfor- 
mance of  the  61-beam  MBA  would  degrade  more  with  feed  excitation  errors  than 
that  of  tha  reported  19-beam  MBA.  Reversal  of  polarity  is  an  inherent  char- 
acteristic of  the  variable  power  divider  considered  by  Ricatdl,  et  al.  [2]  but 
its  size  and  weight  could  preclude  its  use  in  an  implementation  of  the  technique 
VI.  Discussion 

The  optimum  dimensions  of  a multiple-beam  antenna  for  communication- 
satellite  applications  were  derived  for  two  separate  systems  1)  a transmit 
area-coverage  system  realized  by  narrow-beam  switching  and  2)  a receive  earth- 
coverage  beam  system  with  nulls  in  specified  directions.  The  optimum  dimen- 
sions of  these  two  syetsms  ere  very  closely  Identical  and  therefore,  in  prin- 
ciple the  two  systems  could  be  implemented  with  s single  lens  and  feed  cluster. 

The  nulling  earth-coverage  antenna  with  a 19-feed  cluster  requires  a 
tight  phase  tolerance  on  feed  excitations  except  in  applications  where  the 
large  nulling  areaa  associated  with  suppressed  excitations  to  2 or  3 adjacent 
feeds  are  tolerable.  A virtual  faed  overlapping  technique  relieves  the  sys- 
tem from  such  tight  tolerances  as  demonstrated  by  the  performance  of  a 28-inch 
diameter  lens  with  a 61-feed  cluster.  The  much  larger  feed  network  of  this 
system  could  be  objectionable,  however.  Of  related  interest  is  the  perfor- 
mance of  a 37-feed  cluster  that  was  briefly  studied  but  not  reported  above. 

Its  optimum  performance  is  rsschsd  with  a lena  diameter  of  24  Inches  and  a 
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feed  •pacing  of  1.33  inch.  With  excitetione  to  three  adjacent  feede  suppres- 
sed, a performance  similar  to. that,  of  the  61-feed  configuration  is  obtained  , 

but  with  a 15-dB  null  width  about  1.3  times  larger.  Indication*  eta  that  Che 
37-feed  configuration  la  appreciably  move,  frequency  leniitive  than  the  61- 
feed  configuration  but  the  much  reduced  site  of  its  feed  network  nevertheless 
makes  further  characterisation  of  its  performance  desirable. 


APPENDIX  A 


Derivation  of  the  Directive  Gain  Functions 

Conaidar  tha  feed  cluster  and  lens  geometry  of  Fig.  26  and  let  P be  the 
power  at  the  Input  of  the  l:Np  power  divider  whore  Np  is  the  number  of  feeds 
in  the  clustor.  The  power  radiated  by  feed  i,J  is  P/Np  of  which  the  amount 
?k  absorbed  by  the  lens  waveguide  element  m,n  is  given  by 

PA.  (P/V  <v2„u "■’"W  <*2'°>2W  “““»»>  <l  - 1»> 


where 


and 


Gof  mni  j 


is  the  gain  of  feed  i,j  in  the  direction  of  wave- 
guide m,n  (see  Note  1) 


G ia  the  feed  directivity 

o 


rmnij 


is  the  distance  between  the  feed  and  the  waveguide 
element 


a2cos& 


mnij 


/coaa  is  the  absorbing  cross  section  of  the 
waveguide  element 


r is  the  reflection  coefficient  at  the  input  of  a 

mn  waveguide  element  and  is  given  by 


d 


mn 


where 


is  the  length  of  the  waveguide  element  and 


where 


1/2, 
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end  £ is  the  focal  length  of  the  lane . 

The  power  density  1b 


PC 


r<e,4>)  - u —a 


2<^) 


1/2  4irNwR2X2£2 


|F(9,<f>) 


and  since  F/AirR^  Is  the  Isotropic  level  of  radiation  the  directive  gain  func- 
tlon  la  , 
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Note  1:  The  foedhorn  radiation  function  f io  of  the  form 


f - (l-u2/6+uA/120)  (1-v2/6+vA/120) 


with 


ltd- 

u ■ -y  cosBx 
7rd„ 

■ ~r~  cos  6 
V X w * y 


where  cos8x  and  cos0y  are  direction  cosines  of  r^j . The  parameters  and 
d^  were  obtained  by  fitting  f to  the  measured  E-  and  H-plane  radiation  patterns 
of  a 2-inch  aperture  conical  horn  excited  with  a TE^  mode. 
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v - [1  - <X/2a)2]1/2 

la  the  index  of  refraction  of  the  lens. 

The  power  absorbed  at  one  end  of  each  waveguide  element  propagates  unattenuated 
to  the  other  end  where  it  is  radiated..  At  a far-field  distance  R and  in 
near-axial  direction  0,4>  the  electric  field  generated  is  given  by 


where 


h<0,4>)  pa 


rif>1/2 


2^1/2 


)W 


•xp[ 


la  the  characteristic  impedance  of  free  space 
X is  the  wavelength  of  .the  radiation 


X* 

h<e,<J>) 


is  the  aperture  gain  of  the  waveguide  element 

la  the  amplitude  radiation  pattern  of  a wave- 
guide element  (see  Note  2) 

is  the  vector  position  of  element  m,n  at  the 
exit  side 

■ sin0cos$i  + ain0sin^i  + cos6iz  is  the  unit 
direction  vector.  y 


The  vector  p „ and  y are  referred  to  a rectangular  coordinate  system  parallel 
mn 

to  the  coordinate  system  of  Fig.  26  and  with  origin  at  02 

The  field  radiated  by  the  antenna  is  obtained  by  Bumming  the  contribution 

from  each  waveguide  element  and  each  feedhom  or 
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The  gain  Gq  ■ (irdgpy/X)  where  d^yy,  tha  affective  diameter  of  the  feed- 
horns,  is  deduced  from  the  measured  gain  of  the  2-inch  horn. 

Note  2 : The  amplitude  radiation  pattern  of  tha  waveguide  elements  is  unity 

except  for  elemental  adjacent  to  a step  where  it  la  made  equal  to  the  radiation 
pattern  of  a waveguide  element  adjacent  to  an  infinite  ground  plane. 

With  the  electric  vector  parallel  to  the  ground  plana 

V9  ,<j>)  - 2sin2U  + 2JainUcosU 

and  with  the  electric  vector  perpendicular  to  the  ground  plane 
hg(0,$)  - 2coa2V  - 2jcoeVeinV 
h(6,tj))  - 0 for  direction  below  the  ground  plane 
U - ™ eln0sin$ 

V ■ M Bin0coe^ 

Computation  of  Lens  Geometry 

Thu  lane  geometry  is  derived  under  tha  condition  that  a wave  issued  from 
a point  source  at  the  focal  point  is  transformed  by  the  lens  into  a plane  wave 
travelling  in  the  axial  direction.  This  condition  is  met  with 

, .<1  - IWll.,.))2  ♦ *Wim  - t-Zl(m.n) 

tnn  o 1-V 

where  Zl(m,n)  - <RQ2  - x2-y2)1/2  - RQ 

Ro  is  the  radlua  of  the  inner  spherical  surface  of  the  lens 

d„  is  the  thickness  of  the  lens  on  axis 
o 

x and  y are.  respectively,  the  abscissa  and  ordinate  of  waveguide 
element  m,n 


I 


The  length  of  a waveguide 


element  Is  reduced  by 


whenever 


dmn  do  >-  1“V0 

where  v0«  [l-(Xo/2a)2]  and  XQ  Is  the  lens  design  wavelength. 

Computer  Program 

The  FORTRAN  IV  computer  program  listed  below  requites  the  following 
input  data: 

Input  Data 

List  1 — Lens  Geometry 

WL:  design  wavelength  of  lens 

Di  lens  diameter 

A:  width  of  the  waveguide  elements  of  the  lens 

TAU:  thickness  of  wall  of  the  waveguide  elements  of  the  lens 

DZROs  thickness  of  lens  on  axis 
FOD:  F/D  rutio 

RADIN:  radius  of  the  inner  surface  of  the  lens. 

LENSPR : printout  indicator  for  lens  geometry  (set  LENSPR  * 1 for 

printout) 

IPI.OT:  plot  indicator  for  lens  geometry  (sot  IPLOT  - 1 for 

SC4060  plots) 


NPLOT:  incremented  index  to  identify  various  runs 

List  2 — Feed  Geometry 
WLO:  wavelength 

SPACE:  spacing  between  feeds 


IFEED:  number  of  rows  in  feed  cluster,  e.g.,  IFEED  - 5 for 

19-e.lement  feed  cluster. 
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JFEED(I):  number  of  feeds  in  each  row,  i.e.,  JFEFD(l)  * 3,  4,  5,  4 , 'i 

for  19-element  feed  cluster.  > 

FACLAT:  lattice  factor  ■ ratio  of  spacing  between  rows  to  spacing 

between  feeds  in  a row;  FACLAT  « 0.866  for  triangular  •’ 

lattice 

■ . ■ ■ 

I0N(T.) : First  indices  of  feeds  which  are  excited  ‘ ; 

JQN(I):  Second  indices  of  feeds  which  are  excited,  c-.g.,  ‘ ■■ 

I0N(1)  - 3,18*0,  J0N(1)  - 3,  18*0  means  feed  3,3  is 
excited 

* .V 

ION (1)  « 3,  2,  1,  16*0  jj 

J0N(1)  - 2,  1,  2,  16*0 

means  feeds  3,2,  2,1  and  1,2  are  excited 


NFDON:  number  of  feeds  excited 

NOTE:  TFEED  and  JFEED(l)  cannot  bo  made  larger  than  !>  without  imj.lim-n- 

sloning  the  array  variables  ION  and  JON 


IPOL:  IFOL  ■ 1 linear  polarisation  with  E- vector  along  X-a 

1P0L  ■ 2 circular  polarisation 

List  4 — Field  Geometry 

PHI:  angle  of  pattern  cut 

PHI  ■ 0 E-plane  cut 
PHI  - 90  H-plane  cut 

TF1RST:  initial  0 from  axis 

TLAST:  last  8 from  axis 

DELT:  increment  of  0 for  which  field  1b  calculated 

ICARD:  Option  card  for  next  set  of  data 

ICARD  » 2 Go  to  Read  List  4 

ICARD  ■ 1 Go  To  Read  List  2 

ICARD  l4  1 or  2 Go  To  Read  List  1 

All  lengths  are  in  inches,  angles  in  degrees 
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Output 


Thu  output  data  consist  of 

1.  Input  data 

2.  z-coordinates  of  waveguide  Ians  vs  m»n 

3.  directivity 

4.  valativa  gain  va  angle  off  axis  for  a given  plana  of  cut 

5.  SC  4060  plots 

It  should  ba  noted  that  much  of  tha  data  raportad  in  this  document  required 
some  slight  modifications  to  tha  computer  program  which  are  not  included  in 
the  following  listing « For  instance  the  unit  feed,  tha  phase  correction  and 
the  variable  feed  excitation  coefficients  are  not  dealt  with. 


o n o 
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***»*«»*»»«CONPOT8R  MOORM**************** 

DIMENSION  21  (50,50)  ,*3(50,50) ,NCOH(50)  , NPXN(SO) ,IAP30 (50,50) . 

1  /NR  (100)  ,1(100)  ,550X01(50)  , FEE  (100) 

DIMENSION  orilD(IO)  ,EFSX(10)  ,EPSX  (10,10)  .IMSQdO,  10) 

DIMENSION  ION  (25)  , JON  (25) 

DIMENSION  ISTEP (50, 30) 

DIMENSION  ZCON(2) ,PATH2 (2) 

CON FLEX  FEEDFD 

COR  FI  EX  FIELD, FIELDS,  FIBLDH,FISIDP(50, 50,  3) 

COMPLEX  ANFM(2) ,ANFN(2) 

NAHBLX3Z/LX3T1/WL ,D,  A ,TAO,DZRO,POD, RADII, LINIPR, IPLOT,HPIOT 
1 /LI3T2/NLO , SPACE,  XFIIO,  JPBBD,FACLAT ,I0B, 

2 JON,  MFOON ,XFOL 

3/LI3T4/PHI  ,TFIR3T  ,TLAST,1)BLT,  IC,1RD 
FUNC(X,X,IADXN)-SQIt(RADXNl»*2-X'M2-f**2)-RADIN 
CHAD-0. 174532  93E- 1 
TNOPI-6. 2831853 

BEGIN  CONFUTATION  OP  LINS  OEOHITRX 

150  READ  (5, LIST 1 , END "90 0) 

IF  (IPLOT.BQ.  1)UH  H0DI30 

IF (XPLOX. IQ. 1 ) CALI  3COOTQ (98, 1 40, 'S * > 

NRITB (6, 2) NL,FOD, D,RAOXN,A,TAU,DNRO 

2 FORMAT (INI  2X 'WAVELENGTH- ' , F5. 3 , ' IN.  ' ,/3I ' P/D-' , F5  3,/3X 
1'0IAHSTIN-',F5,2,  • IN .', /3X' RADIOS  OP  LBNB  XNSXDB  S0RFAC1-  ' , F5.2, 
1 IN. * ,/3X*  NAVIQOXDI  I. 0. - ' ,F5. 3 , ' IN.',/3X 

2 'HALL  THICKNESS-' ,F6. 3,'  IN, « ,/3X'LIN3  THXCKNBSS  ON  AXIS-',F6.2, 
4'  IN.') 

DO  313  H-1,50 
DO  313  N-1,50 
21  (N,  N)  -0.  0 
313  Z2 (K,N) -0. 0 
APT-A+TAU 
FL-FOO-D 

RINDEX-SQRT  <1 (NL/2./A) *-2) 

DWAVI-WL/< 1.-RINDIE) 

HR ITE (6 , 3)  RINDBX , DNAVB, FL 

3 FORMAT (3X* INDEX  OF  REFRACTION- ' ,F6, 4,/3X* POLL- NAVE  STBP-',F7.4, 

1'  IN. ',/3X' FOCAL  LENQSH- ' , F6. 2, ' IN.') 

HH AX-U/2./APT+. 5 
MFIN-2.-MMAX 
DO  600  N-1 ,MBAX 
HQUIDI (H) -H 
X-(-H*MNAX+.3)-APT 

NCOH  (M)  - MM AX+ 1 . 5-SQRT  (2.*  (N-,  5)  *MMAX- (M-. 5) **2) 

NFXN(H) -2-HHAX-NCON (N) 4l 

DO  601  N-1 , HM AX 

IF (N.LT. NCON (M) ) 00  TO  603 

T-(-N*MHAX*.5)*APT 

Z1  (H,  N)  -FONC  (X,  X , BA  DIN) 

DRDZ-SQ1T ( (Fl*Z1 (H,N) ) *»2+X*#2*T**2) -FL-Z1 (H,N) 

DNDZ-DHDZ/ (1 . -RINDBX) 

086  IF  (DHDZ.OT.DWAVS)  00  TO  1000 
00  TO  1001 


REPO 00 10 
REPO 0020 
REPO 0030 
RIP00040 
RIP00050 
REPO 0080 
IBP00070 
REPO 0080 
IBP00090 
EEP00100 
EEPOO1 10 
RRP00120 
BIP00130 
REP00140 
RBP00150 
REP00160 
IEP00170 
E1P00180 
RIP00190 
EIP00200 
REP00210 
REP00220 
REP00230 
RIP00240 
RSP00250 
' RBP00260 
REP00270 
RHPC02R0 
REP00290 
RBP00300 
REP003 10 
REP00320 
REP00330 
RBP00340 
REP00350 
RBP00360 
RBP00370 
RBP00380 
RBP00390 
REP00400 
RBP00410 
REP00420 
REP00430 
REP00440 
REP00450 
REPO 0460 
BBP00470 
EEP00480 
REPO  0490 
RRP00500 
1BP00510  S 

REPO  0520 
REPO  0530 
REPO  0540 
1SP00350 
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1000  DHDZ-DHDZ-DNA VE 
GO  TO  888 

1001  Z2(H,N)»Z1<H,N)«-DHDZ+DZBO 
GO  TO  601 

603  Z1  (11,8)  "0. 

Z2  <*»,»>  «0. 

601  CONTINUE 

600  CONTINUE 

HHAX1-HHAX+1 
DO  750  H-1,HHAX 

750  Z2  <N,HHiX1) >Z2(H,HHAX) 

DO  751  N-1,HHAX1 

751  Z2(HHAX1,N)-Z2(HHAX,N) 

C 

Z ISTEP-1  IDENTIFIES  STEP  ALONG  X-AXIS 

Z ISTEP-2  IDENTIFIES  STEP  ALONG  I-AXIS 

ISTEP-3  IDENTIFIES  STEP  ALONG  BOTH  AXIS 
C ISTEP-0  NO  STEP 


DO  400  H-1,HHAX 
NA»NCOM(H) 

DO  400  N-NA,HHAX 

ISTEP  (M,N) -0 

IF  (H.  NE< 1 ) GO  TO  404 

IF (Z2  (H,N)  «LT .Z2 ( H+1 ,M)  ) ISTEP  <H ,N) -1 
GO  TO  403 

404  IF (N.LT. NCOH ( H— 1 ) ) GO  TO  402 

IF (Z2  (H, N)  .LT.Z2(N-1,N» .AND.22(»,») .LT.Z2 (H*1,N) ) ISTEP  (H,H) 
403  IF  (N.EQ.NA)  GO  TO  401 
402  IF(H.EQ.1)GO  TO  405 

IF  (N.LT.  NCOH  (H-1)  .AND.Z2  <H,N)  . LT.Z2(H*1,N) ) ISTEP(N,N) -1 

405  ir(Z2  (H, N)  .LT.Z2 (N.N-1) . AND.Z2  (H,N) . LT . Z2 (H, N+ 1) ) ISTEP (H ,N) ' 
1 H,  N)  *2 

GO  TO  400  , „ 

401  IF (Z2  (H,N)  .LT.Z2(H,N+1)) ISTEP (B,N) -ISTEP <H , N) ♦ 2 
400  CONTINUE 
626  DO  630  H-1.HHAX 
HHAX1 -MHAX+1 
DO  630  N-BHAXI'HFIN 
BN»BFIH+1-N 

ISTEP  (H,N) -ISTEP (B,  BN) 

Z1  (B.N)  -Z1  (H,  HN) 

630  22  (H,N) -Z2 (H, HN) 

DO  631  B-BHAX1.BFIN 
HH-HFIN+1-H 
HGUIDE(B)  -H 
NCOH  (B) -NCOH (HH) 

NPIN  (H) -NFIN (MB) 

DO  631  N-1.HFIN 
ISTEP  (M, N) -ISTEP ( BH , N) 

Z1  (Hr  N)  -Z 1 (HH  ,N) 

631  Z2  (H,  N)  -Z,3  (HH  ,M) 

IF (LENSPK.NE. 1)  GO  TO  702 
625  NF-1 
NL-18 
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610  MI** (6,10)  (HGUXDB(H)  ,H»NF,IL) 

10  FORMAT  < 1 H 1 29X'XESIDB  SOHFACB  Z-LBMGTH  (IB. ) * /5*t*  **•****•••* '/ 
11X'X'/(2X  1816)) 

WRITE  (6,4)  (NGUIDI  (M)  , (Z1  (H,  N)  , M-NF,NL)  , i-1 , BFI V) 

4 FORMAT (IX  12, 18F6 .2//) 

IF  (HFXM-NL) 700,700,701 

701  BF-BL+1 
NL-NL+18 
GO  70  610 

700  NF-1 
NL-18 

800  HBm(6,11)  (MGUIDE(H)  ,M-NF,ML) 

11  FORMAT  (1H1  29X'OUTSIDB  S0RFACE  Z-LINGTB  (IB.)  '/55X'************/ 
11X'X'/2X  1816) 

WR^TE  (6,5)  (MGUXDS(H)  , (22  (H, M)  , M>BF,ML)  ,M-1,HFIM) 

5 FORMAT (IX  I2,18F6.2//) 

I?<HFXN-NL)702, 702,703 

703  NF-NL+1 
NL-RL+18 
GO  TO  800 

702  CONTINUE 

END  OF  LENS  GBOhETRT  CALCULATION 

BEGIN  CALCULATION  OF  FIELD  AT  OUTPUT  OF  WAVEGUIDE  ELEMENTS 
151  BEAD(5,LIST2, END-900) 

WRITE  (6,7) OLO,  SPACE, IFBBD, (JFEED  (I) ,1-1, 10) ,FACLAT 
7 FORMAT  (1  HI  4X 'OPERATING  BA VELBNGTB-* , F7. 3, ' IN.1,/ 

15X'SPACIMG  BETWEEN  FEEDS-' ,F7. 3,'  IB.', 

2/5X ' NUMBER  OF  RONS- • , 12, /5X' NUMBER  OF  FEEDS  PER  ROW  IS', 1013 
3,/SX*  LATTICE  FACTOR- • ,F6 . 3) 

WRITE  (6, 21)  NVDON 

21  FORMAT  ( 5X'NUMBEB  OF  FREDS  ON  IS', 12) 

IF  (IPOL.EQ. 1) WRITE (6,737) 

IF  (1POL.EQ.2)  WRITE (6,738) 

737  FORMAT  (5X*  POLARIZATION  IS  LINEAR') 

738  FORMAT  (5X* POLARIZATION  IS  CIRCULAR') 

FEED  HORN  PARAMETERS 

NEXT  THRIS  STATEMENTS  DEFINE  A THEORETICAL  PEED  THAT  HAS 
A GAIN  PATTERN  IDENTICAL  TO  THE  MEASURED  GAIN  PATTERN  OF  A 
2-INCH  CIRCULAR  APERTURE 
HORNE-1. 725*SPACB/2. 

HOBNH-1 • 590*SPACI/2 . 

EFPDIA-1.71VSPACB/2. 

GFBED-THOPI*EFFDX A/NLO/2. 

GFEED-20. * ALOG1 0 (GFEED/WLO/FL) 

MFIBST-1 

RLAST-MFIN 

DO  104  M-MFIRST, BLAST 
NA-NCOH  (M) 

NB-NFIN(M) 

DO  102  N-NA,NB 

BAD5Q (M,N)  « (-M+HM AX*. 5)  **2* (“N+MMAX+, 5) **2 
102  RADSQ  (M,N) "RADSQ (B, N) *APT**2 


RRP011 10 
REP0 1120 
R1P0 1130 
KSFOimO 
IIF01150 
IBP01160 
■BP01170 
REF011B0 
IEP01190 
REF01200 
REV0 12 10 
RBF01220 
REP0 1230 
■BP01240 
REPO 1250 
RBP01260 
REP0 1270 
IBP0128Q 
IBP01290 
REP01300 
RBP01310 
REP0 1320 
REV01330 
REP0 1340 
1IP01350 
RIP01360 
REP0 1370 
R1P01380 
REPO 1390 
IEP01400 
REP0 14 10 
RSP01420 
REP0 1430 
1EP01440 
REP0 1450 
REP01460 
REP01470 
REP0 1480 
EBP01490 
RBP01500 
MEP01510 
REP0 1520 
REP0 1530 
REP0 1540 
REP0 1550 
REP0 1560 
SIP01570 
REP0 15(0 
REP0 1590 
REP0 1600 
REP0 16 10 
IBP01620 
REP0 1630 
RBP01640 
REP0 1650 
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104  CONTINUE 

COMPOTE  FEED  GEOMETRY 

DO  250  I-1,XPBED 
MFXED-JFBXD(X) 

EPSX  <X)  - (-I+IFBBB/2.  ♦.  5)  *3FICB*FACLAT 

EFSX3Q-XFSX(X)*«2 

DO  250  J-1 ,NFBBD 

BPSY (1,0) - (-0  ♦ NPEED/2  • ♦ . 5) *SPACB 
250  EPSSQ (X, J) -IPSY (I , J) **2+BPSISQ 

END  OF  COMPUTATION  OF  FBBD  GEOMETRY 

FLSQ-FL**2 

RINDBX-SQBT  <1 (NL0/2./A)  **2) 

RHO- (RXNDEX-1 . ) / (RXNDBX+1 .) 

BH02-2.+RHO 

MBIT*  (6,16)  (ION  (X)  , <10N(X)  ,1-1,19) 

16  FORMAT (2X'TUB  FOLLOWING  FBID8  ABB  OB' , 10 (•  (• ,X2,' , X2, •) •) /29X 
1 9 (•  (',12,','  ,12,')  •)) 

GFIEDA-SFBED- 10 . *ALOG10 (FLOAT (BFDOB) ) 

116  DO  113  N-1,NFIM 
DO  113  B-1 ,HFXN 
FIBLDP (M,N,1) -<0.,0.) 

113  FIRLDP(B,N,2)«<0.,0.) 

DNI-TNOPI*HORNE/MlO/2. 

DM  H-TNOPI*  HOBBH/H 10/2 • 

DO  999  1-1 , IFBXD 
MFXBD-JFBID(X) 

DO  999  J-1 , NFEED 

710  FEBDFD-CHPLX ( 1 ■ ,0 •) 

MCOOMT-O 

DO  712  XOF-1 , XFEED 
HFESD-JFIBD(XOF) 

DO  712  JOP-1 , MPXXD 
MCOUNT-NCOUMT-H 

XF(X.ZQ.XOM(HCOOBT)  , AMD. J. BQ. JON(NCOUMT))  00  TO  711 
712  CONTINUE 
GO  TO  999 

711  HFIBST-1 
ML AST-BFXN 

DO  111  H-MFXB3T, BLAST 
NA-NCOB (B) 

NB-NFXN(M) 

X-  (MHAX+. 5-H)  *APT 
XXX-2.*BPSX(X)*X-1PSSQ(I,J)-FL**2 
DO  1113  N-KA,NB 

1-  (HBAI+. 5*N) *APT 

FATH1— XXX-2.«P3Y(I,J)  *1+2.*  (FL-RADIN)  *1 1 («,  N) 

PATSQI-SQBT (P ATH1 ) 

SCPB* (X-XPSX(I))  /PATSQB 
SSPB- (Y-EP3Y (X, J)  )/PATSQl 
U1-DNB*3CFR 

02- DNM*SSPR 


BBP01660 
BBP01670 
BBPO16B0 
BEPO 1690 
BEP01700 
BBP01710 
BBP01720 
BBP01730 
BEPO 1740 
BEPO 1750 
BEPO 1760 
BEP01770 
REPO  1780 
REP01790 
REP0 1800 
BEP0 18 1 0 
BBP01820 
BEPO 1830 
B9P01B40 
BEP0 18 50 
BEPO I860 
RBP01870 
REP01B80 
BEP01B90 
REP01900 
BEP019 10 
BEPO 1920 
BBP01930 
REP01940 
REP01950 
RSP01960 
BEP01970 
BEP01980 
BEP01990 
REP02000 
REP02010 
REP02020 
R8P02030 
RBP02040 
REP02050 
REP02060 
BBP02070 
BBP02080 
BBP02090 
REP02100 
REP021 10 
REP021 20 
BEP021 30 
RIP02140 
BBP02150 
BBP02160 
BBP02170 
BEPO  21 80 
REP02190 
BEPQ2200 
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01*0-01**2 

0250-02**2 

ANPLI- ( 1 . - 01 *Q/6 i *01 S0**2/1 2 0 . ) * < 1 , -02RQ/6 . ♦02*0**2/120. ) 
AHPLI«ARPLX/*QRTM.**1(I*N)/fl) 

M»l*  (PL-IADIN)  • Z1  (I,  R)  *»L*R ADXN- RPBI  (X)  *HMT  (1,3)  ** 
MRR-SQ*T(RRRi/*AEI*/fAT»Q»^  — 

AHPLX-ANPLX*RRR* 

AN  PLI  -A  HPLI*P  L/PA TS  Ql 
PATH1-PAT9Q*  ' 

PATR1-PATR1*TNOPX/WLO  < 

PXRLDF(HrN »1) -FIBIDP(H#N# 1) +CNPLX (ARPLX»0 • ) *CBXP (CNPLX (0,, PATH1) ) 
1*PIEDFD 

,,  XF(IPOL.NE.2)  00  TO  1113 
' . 0;1  -DNE-SSPR 
02«DNH*SCPR 
01*0*01**2 
02*0-02**2 

ANP1T*(1 .-U1SQ/6. +U1SQ** 2/120. ) *(1 .-02*0/6. +U2IQ**2/120.) 
kHPlX-AHPLX**R*RPFL/PATSQl/*Q*f  (1 . *»1  (I,  A)  /ft) 

FIEIDP(N, A, 2)  -FX1LDP(H|N«2) +CNFLX (AHPLZ.O .) *CEXP (CNPLX (0 . #PATH1) ) 
1*FEEDFD 
1113  CONTINUE 
111  CONTXNOE 
999  CONTINUE 

BHD  OP  CORPOTATXOM  OP  PI1LD  AT  IXXT  OP  VAT|00XDIS 

BEGIN  COBPOTATION  OP  PA1  FIELD 

1 e READ (5,LIST4, END-900) 

WRITE  <6* 17) PHI 

17  P0RNAT(/3X'PHX«'  *P7.  2(  'DEQUES  ') 

PHXR-PHX*CRAD 
C0SPHI-C03  (PHZR) 

SINPHI-SIA  (PHZR) 

PMNOR— 100. 

THBTA-TPIRST 

ZEND- (TLAST-TFIRST) /D1LT*1,5 
116  DO  110  K*1 , IEAD 
THBTAR-THETA*CRAD 
SINT- SIN (THETAR) 

COST-COS (THETAR) 

BEOIH  COHPOTATZON  OP  RADIATION  PATTINN  OP  NATEOOXDS  ELBNSNTS 

SINCOS-8ZNT*CO*PHX 
SI A SIN-SI AT* 5 IN PH I 
PIDOl-APT*TNOPI/2 ,/NLO 
HPXDQl-ABS  (PID01* SXN9IN) 

EPZDOL-ABS  <PXDOL*SXNCOI> 

SINN-5IN (HPXDOL) 

SZNR-SIN (BFXDOL) 

COSN-COS  (HPXDOl) 

COSH-COS (EPIDOl) 

FIElDE-(0.#0.) 


REP02210 
REPO, 2220 
EBP02230 
*8102240 
REPO 2250 
RSP02260 
S8P0 2270 
REP02280 
R8P02290 
REPO 2300 
REPO  23 1 0 
REP02320 
REP02330 
REPO 23 4Q 
REP 023 50 
REP02313 
REPO 2370 
REPO  2380 
RRP02390 
REPO 24 00 
RRP02410 
RBP02420 
REPO 24 30 
REP02440 
REPO 24 50 
REP02460 
RRP02470 
REPO 2480 
REP02490 
REP02500 
REP02510 
REP02520 
REPO 2530 
RRP02540 
REPO 25 50 
RBP02560 
REPO 2570 
RRP02580 
REP02590 
REP02600 
REPO 25 10 
REPO2620 
REP02630 
REP0264Q 
REP02650 
RBP02660 
REP02670 
REP02680 
REP02690 
REP02700 
REPO 27 10 
REPO 27 20 
REP02730 
REP02740 
REP02750 
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FX1IDH«(0.,0.)  ..  ..  , 

RfXMtJt'--*.: 

aLASt-BFXi 

DO  112  8*8811 ST, BLAST 
■ Ml*NCOM  (H) 

MB*M8XM (H)  I 

' DO  1123  M-MA,  MB  ■ ■ •••:,  • 

, ABPH  ( 1) *CHPLX (1 » , 0.) 

AMPM (2)«CHPLX (1. ,0.) 

AMPM (1) ■CMPLX (1 • yO.) 

AM  PM  (2)  "CMPIaX  (1 . ,0. ) 

ZCOB  ( 1)  *22  (B,  M) 

ZCOB(2)  *Z2  (B,  M) 

IF  (ISTXP(M,M)  .QI.2)  OO  TO  410 
00  to  411 

410  If  (3IMT*SIMPHI.QM.O . « AMD. M . LB. HBAX)  80  TO  420 
If  (3IMT*SINPHI.LB.O . .AMD.M.QT.MHAX)  00  TO  420 
AHPM  (1)  *CBPLX  (0. , 0.) 

AM PM (2) *CHPLX  (0. , 0. ) 

00  TO  1123 

420  AMPM (l)-CHPLX (2.*3IMM*SIMM,*2. *SXMM*COSM) 

If  (H.BQ.MA.OB.H.ZQ.MB)GO  TO  431 

ZCOB (1) ■ AM INI  (Z2 (8,1-1) ,Z2(M,Mt1)) 

431  If (IPOL.ME.2)  00  TO  430 
ACOF-2. 

If  (SIM3IM.EQ.0.)  ACOF-1. 

AHPM  (2) -CMPLX (AC0F*C0SM*C0SM,-AC0F*C03M*SIMM) 

430  IP  (XSTXP(M,M)  .IQ. 2)  00  TO  120 

411  IP (X8TBP (8, M)  .IQ.O)  00  TO  120 

If (SXMT*COSPHX.ai.O..AMD.H.LI.NMAX)  00  TO  421 
If  (5IMT*C0SPHI.LB.Q . . AMD* H.OT. BHAX)  00  TO  421 
AHPM ( 1) -CBPLX (0. , 0.) 

AMPM  (2) "CMPLX (0., 0.) 

00  TO  1123 

421  AC0F*2. 

If  (SIIT*COSPHI,*Q.O.)  ACOF-1. 

AMPM  ( 1) "CMPLX  (ACOP*CQSB*COSH,-ACOf*COSM*SXIN) 

If  (IP0L.NB.2)  00  TO  120 

AMPM  (2) "CMPLX  (2.+3XMN*3XMMl*2.*3XIM*C0SN) 

IF  (H. B«,1.0R. H.XQ,NfXM)00  TO  120 

IP  (M.  LB.MMAX. AND. (M .IT. MOON (M-1) . 0*.  M.OT. Mf II ( M— 1 ) ) ) 00  TO  120 
If  (M.OT.MMAX.AMD.(l.lT.MCOH(M4l).OX.M.8T.IPIl<B>ln)00  TO  120 
2C0R(2)«AMIM1  (22(8-1, N)  ,Z2(N*1,N) ) 

XMD  Of  COMPOT AXIOM  OF  IADXATIOM  PATTIIM  OP  ViflOOXDB  ILBIXITS 

120  PATH"APT* ( (-N+IBAX+ . 5) tCOSPBX* <-N*MM AX*. 5) *BZMPRI) *SIBT 
PL8MS-  (Z2 <fl, NJ-81  (N,M) ) *1INDHX 
FIIO«TKOPI*PL1MS/NLO 
80XN"BH02*SXM (FIIO) 

AHPMXf *BQBT( 1 .-10INM2) 

PATH2  (1 ) * (SCO I (1 ) -2 1 (M, M) ) *1IND1X -PATS- (ZCOB (1) -0210) *COST 
PATHS  (.2)  ■ (ZCOB  (2)  -Z 1 (N,N) ) **XMD*X-PATB-  (ZCOB  (3)  -DZXO)  *C03T 
PATH2  ( 1) "PATH  2(1) *T»GPX/ILO 
PATH2  (2) -PATD2 (2) *T«OPX/«LO 


IIP027B0 

8X802770 

8*902780 

1*802790 

1X902800 

itpoasio 
8X902820 
■If 02830 
IBP02B40 
■IPO  28  50 
8X902860 
8BP02870 
8IP028B0 
8X902890 
8*802900 
IBP 029 10 
BBP02920 
1X902930 
IBP 02940 
IBP0295O 
IIP 02960 
BBP02970 
8BP029I0 
BBF02990 
18903000 
189030 1 0 
IIP03020 
■ IPO  30 30 
8BP03040 
Ilf 03050 
11803080 
IIP03070 
8*803080 
8*803090 
1*803100 
8*803110 
11803120 
1X803130 
1X803140 
8X803150 
IXP03180 
■XP03170 
8X803180 
1X803190 
1*803200 
8*90 32 10 
8*903220 
1*903230 
1X803240 
ISP03290 
11803260 
1X803270 
*1803260 
1*803290 
1X803300 


•,J*v*yw-  .1  • r Vi  - 1 itiiVvlHi  I ' Il4vl  '*  ■ "i|4(i.iv  Vj-nlj', 
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r.llti  HXPORT  FORTRAN  A 5/23/73  10l00  ...  M.X.T.  LINCOLN  LABORATORX 


i.  iff  11  *cbxp(cnpix<o.  > > *arpe  id 

1*AHPR (1i)  *C0PLX(AHPRXF,O,) 

.’YXF'WOL-. MH.2)80,TO ■ 1123  . 

.;  FIBLDH-F2ELDtl*FX8LDP  (N,M,  2)  *CBXP  (CMPL*  (0.  .PATH 2 (2) ) ) *A«PM  (2) 
lmP8<3)*CHFLX(AHPR8P,0i)  '■■  ' 

1123  coixiHDi  .'.  -■■ -.sy;., 

, 112.  contxnob  : •' 

„■  ■ mx.so.pxsi.ox  ■ ' . 

IP  (XIS!iL,BQ.2)  FIELD-0. 5*  (PXBLDElVPXSlBH) 

FEZ  (K)  «i,TAN2  ( AIM  AG  (FIELD)  , REAL  (FISLD)  ) /Cl  AD 
, FABRO-CABS (FIELD) *ApT**2 

PHB(K)-QPIIbA«20.nXOP10(PAB8O) 

■'.  tF(i>NR,(K)  .OT.  PiBOB)  SO  TO  878  , 

. op  to,  879  '•  • • ' r 

878  P.«SOB'iP«B.(Kj:  .V,. 

FEZMOR-FEZ  (K)  • 

879  T(K) -THETA 

110  THBTA-THETA+DlfLT 

PRINT  AND  PLO'i  STATEMENTS 

DO  501  K-1.IEND 
PNH(K)-PNR(K) -PNNOR 
501  FEZ  (K)  "FEZ  (K)  -FBZMOB 

WRITE  (6,502)  PNNOI, FEZNOR 

502  FORMAT (//IX  'PEAK  SAIN-' , F7 .2, • DB ', 5X • IXFIIENCE  PHASE-' ,F7.2, • 
10REES ') 

WRITE  (6,0)  (T  (X)  , PWR  (X)  ,PR2(X)  ,1-1, LEND) 

8 FORMAT ( //5X 

1 'THETA' , 1 0X1 DB',9X*  PHASE (DEO)  1 ,/(5X  F6.2.6X  F8.2.6XF8.2) ) 

IF  (IPLOT.EQ. 1 ) WRITE  (6,71)  HPLQT 

71  FORM At (//  lOX'PLOT  NO  *,I3) 

WRITE (6,72) 

72  FORMAT (1  HI ) 

DO  301  1*1 , IE MO 

301  IF(PWR(X)  .LT.-40.)  PWR(X) — 40. 

PNl(IEHO)— 40. 

IF  (XPLOT.NE. 1 ) 00  TO  650 

CALL  GRAPH0(IEND,t,PSIR,7, 'CHOREES', 2, , 

149,  'MULTIPLE  BEAR  ANTENNA,  NAFEQOXOE  LBNE— DION  D-413') 

PALL  L1MBS9 (X IND.T, FNR) 

XST-400 

XST-100 

. WRITE (98,70) 1ST, I ST, NPLOT 
70  FORMAT (2A4 , * PLOT  NO  *,X3) 

NpLOT-NFLOT+1 
CALL  FRAMES 
650  COMTXNOM 

XF(XCARO.EQ.I)  SO  TO  151 
XF(XCARD,EQ.2)00  TO  18 
00  TO  150 

900  IF (IPLOT.BQ. 1) CALL  EXITS 
RETURN 
END 


1 RRV03310 
R1P03320 
RBP03330 
11803340 
IHP03350 
EXPO 3360 
REPO  33 70 
RBF03380 
R1P03390 
1EP03400 
REPO 34 10 
R8PQ3420 
REPO 34 30 
REP03440 
REPO 34 SO 
REP03460 
REPO 3470 
RRV03480 
REPO  3490 
REP03500 
REP03510 
REPO  3520 
REPO  3530 
RBP03540 
REPO  3550 
DEREP03560 
RBA'O  3570 
RBP03580 
RBP03590 
EBP03600 
REP03610 
REPO  3620 
REPO 36 30 
RSP03640 
RBP036S0 
EBP03660 
REPO 3670 
RBP036IO 
REPO 3690 
REPO 37 00 
RBP03710 
REPO 3720 
REP0373O 
REPO  3740 
REPO 37 30 
REPO 3760 
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